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Abstract 
The peculiarities of superionic conductors are elucidated by studying the chemical trends of materials properties and 
their correlations. Topics such as the role of medium range structure in the ion transport, fragility of superionic glass 
forming materials, relation between nonlinear optical constants and ionic transport properties, correlation between 
electron localization-itinerant property and the oxygen ionic conductivity in perovskite materials are treated and 
discussed using the bond fluctuation model of superionic conductors. It is pointed out that the bond fluctuation model 
could provide a key concept to understand the mechanism of superionic transport from a unified point of view. 
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1. Introduction 
Superionic conductors are characterized by their high ionic conductivity which exhibit in the solid 
phase. The ionic conductivity is usually larger than 13 cm)(10 , and in some cases it is comparable 
to those values found in molten salts [1]. Clarifying the mechanism of this exceptional high ionic 
conductivity has been a challenge for many decades. However, despite the large number of studies that 
have been done, no theory of superionic conduction has yet received general acceptance. With the 
objective to gain some hints to overcome this situation, in the present paper, the peculiarities of superionic 
materials are elucidated by studying the chemical trends of materials properties. 
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In the next sections, the following topics are reviewed among others. 1) Relationship between the First 
Sharp Diffraction Peak (FSDP) observed in diffraction experiments and the ionic conductivity. 2) 
Materials trends in the fragility of superionic glass forming systems. 3) Correlation between optical and 
ionic transport properties. 4) Correlation between electron localization-itinerant property and the oxygen 
ionic conductivity in perovskite materials. From the analysis of these properties that at a glance seems 
unrelated, useful concepts to understand the mechanism of superionic transport will be extracted. 
 
2. Medium range structure and ionic transport in superionic glasses 
Most of the early studies related to the mechanism of ion transport are based on structural arguments 
[1, 2].  Structure is surely an important factor that determines the fast ion transport within the solid, but it 
is not the only factor. Recent studies have revealed that superionic conduction is closely related to 
the bonding characteristics of the materials [3-6]. Concerning the origin of superionic properties, the 
author has suggested that a change of bonding that occurs locally and fluctuates in time plays an important 
role [3,4]. There, it has been considered that local fluctuations of the bonding create a field of forces that 
move the ions, which in turn triggers new bond fluctuations. The mechanism of bond fluctuation in 
superionic conductors has an empirical background and it has been used successfully in the interpretation 
of various experimental observations [7]. Theoretical studies based on a pseudopotential method support 
the view that bond fluctuations may occur in superionic conductors [4]. Studies based on ab initio 
molecular dynamics simulations have also confirmed the existence of bond fluctuation processes [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Relationship between the ionic conductivity of glasses at room temperature and the FSDP wave number. (b) Relationship 
between the activation energy of ion transport and the FSDP wave number. The numbers in the figure represent the following 
glasses: 1) AgPO3, 2) (AgI)0.1(AgPO3)0.9, 3) (AgI)0.2(AgPO3)0.8, 4) (AgI)0.3(AgPO3)0.7, 5) (AgI)0.4(AgPO3)0.6, 6) (AgI)0.5(AgPO3)0.5, 7) 
(AgBr)0.35(AgPO3)0.65, 8) (AgCl)0.25(AgPO3)0.75, 9) Ag2O-2B2O3, 10) (AgI)0.6(Ag2O-2B2O3)0.4, 11) (AgI)0.75(Ag2MoO4)0.25, 12) 
(AgI)0.7(Ag2WO4)0.3, 13) Ag4Ge3Se9, 14) AgI-alkylammonium. 
 
 
Analogously to the case of crystalline materials, most models relate the ion transport in glasses to some 
specific structural features. However, there is a lack of investigation concerning the role of the medium 
range structure in the ionic conduction mechanism. In order to fill this gap, the relationship between 
the FSDP that reflects the intermediate range ordering within the glass and the ion transport properties 
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have been studied [9, 10]. From the result reproduced in Fig. 1(a), we can recognize that for the case of 
oxide glasses containing Ag, there is a linear relationship between the ionic conductivity and the FSDP 
wave number. The relationship between the activation energy of ion transport and the FSDP wave number 
is shown in Fig. 1(b). We can see that the activation energy decreases with the decrease of the FSDP wave 
number. The result is interesting, because naively, we expect that the activation energy is determined 
mainly by short range interatomic interactions, and we do not expect that it depends on intermediate range 
order so drastically. The behavior obtained has been explained by using a structural model whose 
activation energy profile is illustrated in Fig. 2(a) [10]. The key point of this model is the recognition that 
in AgI-Ag2O-MxOy glasses, the Ag atoms form at least three types of bonds. The Ag-I bond dominant in 
the doped salt, the Ag-O bond dominant in the network, and the I-Ag-O bond that abound in the boundary 
sites between doped salt and network. 
 
                      
 
 
 
 
 
 
 
 
 
                                 (a)                                                                                           (b) 
 
Fig. 2. (a) A schematic representation of the energy barrier profile in superionic glasses. E1 and E2 are the average values of the 
activation energies in the doped salt and in the network, respectively. E3 is the activation energy in the highly conducting sites. d is 
a characteristic distance that defines the medium range structure. (b) Activation energy of ion transport as a function of FSDP wave 
number. The closed circles are the normalized values of the experimental data as indicated in the text. The curves represent the 
predictions of the model calculated with two sets of model values [10]. 
 
 
According to the bond fluctuation model of superionic conductors mentioned above [3, 4, 7], the  
I-Ag-O bonded Ag ions are more mobile, because these Ag ions feel an asymmetric field of forces which 
result in the local atomic site instability. The high ionic conductivity results from the percolation of these 
sites [9, 10]. Since the concentration of these sites increases and the FSDP wave number decreases with 
the concentration of AgI, the correlation between FSDP wave number and ionic conductivity is explained 
straightforwardly [9]. The model of AgI-Ag2O-MxOy glasses illustrated in Fig. 2(a) is consistent with 
the explanation given for the network expansion that occurs by adding AgI in Ag2O-MxOy glasses [11]. 
An expression that describes the FSDP wave number dependence of the activation energy for ion 
transport has been derived by using the energy barrier profile for mobile ions represented in Fig. 2(a) [10]. 
Its behavior is illustrated in Fig. 2(b). There, the prediction of the model is compared with the 
experimental data (References cited in [10]). The experimental data have been normalized by using Q0 = 
1.2 Å-1 and E1 = 0.5 eV (the activation energy of -AgI). Since the data are dispersed, a good fit is not 
obtained. However, it is gratifying to note that the general trend of the behavior is reproduced. In 
particular, the model predicts that the activation energy for ion transport initially decreases by doping salt, 
reaches a minimum at certain concentration, and increases by further doping, whereas in this course 
the FSDP wave number decreases monotonically [10].  
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3. Fragility of superionic glass forming systems 
Glasses are prepared by cooling rapidly the melt before the system reaches its thermal equilibrium. On 
the other hand, the temperature dependence of the viscosity or relaxation time for various glass forming 
materials can be characterized by using the concept of fragility, which quantifies the degree of deviation 
from the Arrhenius behavior [12]. The concept of fragility has been used widely and has played 
a fundamental role in understanding the relaxation behavior of supercooled liquids. Concerning the 
fragility of superionic glass forming system and related materials, some studies have been reported  
[13-16]. Among these, the most interesting behavior is the composition dependence of the fragility 
exhibited by AgI-Ag2O-MxOy (M = B, Ge, P, Mo) system. Contrary to the naive expectation that the 
fragility in these systems will increase with the concentration of AgI due to the enhancement of the ionic 
conductivity, the measured data do not depend on the concentration of AgI [13]. This behavior is proving 
a clue to understand the nature of the glassy state of superionic glasses. However, as far as the author is 
informed, few attentions have been paid to this behavior. Recently, a model to explain the composition 
dependence of the fragility in AgI-Ag2O-MxOy system has been reported [16]. According to the model, 
the fragility is determined by the solid like nature of the network formed by Ag2O-MxOy. The degree of 
the fragility is described in terms of the parameters defined by the Bond Strength–Coordination Number 
Fluctuation (BSCNF) model of the viscosity which has been proved to be a very useful model in the 
analysis of the fragility of many kinds of materials [17, 18]. According to this model, the fragility is 
determined by the relaxation of structural units that form the melt. In terms of the parameters of the model, 
the fragility is given by [17] 
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Here, E0 and Z0 denote the average values of the binding energy and coordination number of the structural 
units, and E and Z are their fluctuations, respectively. R is the gas constant and Tg is the glass transition 
temperature. Tg and 0 are the viscosities at the glass transition temperature and at the high temperature 
limit, respectively. The parameter C gives the total bond strength between the structural units and B gives 
its fluctuation.  
Fig. 3 shows a mapping of different compounds in a plane defined by the parameters B and C. We can 
note that strong systems such as SiO2 are characterized by large values of C and small values of B, 
whereas fragile systems such as ZBLA are characterized by small values of C and large values of B 
[15, 17]. The AgI-Ag2O-MxOy glass forming systems have intermediate values of B and C. This is an 
important point that should be noted, because it indicates that the existence of certain degree of rigidity in 
the network is favorable for the fast ion transport. This observation is also consistent with the prediction 
of the bond fluctuation model of superionic conductors, which requires the presence of certain degree of 
bond bending force constant to originate the correlated ion dynamics [3, 4, 7]. From the typical values of 
the parameters B  0.4-0.5 and C  10-20 of AgI-Ag2O-MxOy glass forming systems, it has been shown 
that bond breaking of about 10 structural units are necessary for the occurrence of viscous flow in these 
systems [15]. 
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Fig. 3. Values of B and C obtained for different materials. The dotted curve (  = 1, =39.1) is the theoretical curve determined from 
the BSCNF model by assuming that the degrees of energy fluctuation and the coordination number fluctuation are the same [15]. 
The broken lines show some lines of fixed fragility index m. 
 
 
As illustrated in Fig. 2(a), the glassy network in AgI-Ag2O-MxOy is determined by Ag2O-MxOy. 
The network starts to develop in the liquid phase and freezes at Tg. On the other hand, the AgI component 
is dispersed between the networks as evidenced from the neutron scattering data [19]. The AgI is the main 
source for the Ag+ ions that diffuses through the sites denoted by E3 in Fig. 2(a). By lowering 
the temperature below Tg, the mobile Ag+ ions are also frozen as detected by thermal analysis [20]. 
The above observations indicate that in the liquid phase of AgI-Ag2O-MxOy close to the glass transition 
temperature, the Ag2O-MxOy tend to solidify whereas AgI remains liquid like [16]. In other words, for the 
occurrence of viscous flow, the structural units must overcome the energy barrier determined by the 
network forming Ag2O-MxOy component. This is the reason of why the fragilities in AgI-Ag2O-MxOy 
systems do not depend on the concentration of AgI [13]. It should be noted that the present model is in 
harmony with many properties of AgI-Ag2O-MxOy system reported till now, including the topic discussed 
in Section 2. 
 
4. Optical property and ionic conduction 
In Section 2, the bond fluctuation model of superionic conductors has been used to explain 
the behavior shown in Fig. 1. According to this model, superionic conductors should have high electronic 
polarizability. Guided by this prediction, the relation between ionic conduction and nonlinear optical 
property has been studied [21-23]. Fig. 4(a) shows the relationship between the ionic conductivity and the 
nonlinear optical constant in AgI-Ag2O-B2O3 glasses. We can see clearly that these two quite different 
quantities are interrelated. In order to consolidate this finding, further evidences should be accumulated. 
However, since no attention has been paid till now on nonlinear optical properties of ionic conductors, 
the number of available data is very limited. This difficulty has been overcome by calculating the 
nonlinear optical constants using the Sheik-Bahae equation [24]. This equation has been used successfully 
to analyze the nonlinear optical constants of semiconductors and insulators including glassy materials 
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[25, 26]. In Fig. 4(b), the relationship between the nonlinear refractive index and the activation energy of 
ion transport in typical ionic conductors are shown [23]. The mobile species are Ag+, Cu+ or F- ions. 
Datum of (AgI)0.5-(Ag2O-B2O3)0.5 glass [27] is also included for comparison. The figure indicates clearly 
that there is a material trend. The activation energy decreases with the increase of the nonlinear optical 
constant. 
The origin of the trend can be understood as follows. The decrease of aE  is related with the weakening 
of the interatomic interaction between the mobile atom and its surroundings. If the electronic distribution 
around the mobile specie is tight, the atom is strongly bonded and difficult to migrate. Therefore, in this 
case, the activation energy for migration is large, and at the same time, the electronic polarizability is low 
due to the tight electronic distribution, resulting in the low value of optical constant. On the other hand, 
easy deformation of the electronic distribution results in the lowering of the activation energy and increase 
of the electronic polarizability. To avoid misunderstanding, a comment should be given here. The above 
discussion does not imply that materials exhibiting high optical nonlinearity should exhibit high ionic 
conductivity. For instance, the ionic conductivity of chalcogenide glasses such as As2Se3 is negligible, 
whereas it exhibit high value of optical constant [28]. For the appearance of ionic conductivity, the 
material must fulfill some conditions such as low coordination, easiness of structural transformation, 
atomic size, availability of free volume, etc. [3, 6]. The point that we want to stress here is that a good 
ionic conductor exhibits also high value of nonlinear optical constants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                          (a)                                                                                    (b) 
 
Fig. 4.  (a) Relationship between the ionic conductivity i and the third-order susceptibility (3) in  AgX-Ag2O-B2O3 glasses. (b) 
Relationship between the nonlinear refractive index n2 and the activation energy of ion transport aE  in typical ionic conductors. 
 
5. Electron localization-itinerant property and the oxygen ionic conductivity 
It is known that the perovskite-type oxides behave as metallic, semiconductive or insulators, depending 
on the degree of the overlap between the cation and anion orbitals [29]. However, it is not clear how these 
properties are reflected in the ion transport properties. Concerning the electronic properties, the  
d-electrons in transition metal oxides ABO3 are described as localized or itinerant electrons. A scheme to 
classify the ABO3 type perovskite materials as having localized or itinerant d-electrons has been proposed 
by using ZA/rA and ZB/rB as ordinate and abscissa, respectively [30]. Here, ZA and ZB are the valences of 
the cations A and B, and rA and rB are their ionic radii. On the other hand, it is known that the complex 
perovskite oxides A1-xA’xB1-yB’yO3-  exhibit ionic conduction through the defects created by partial 
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substitution of metal atom A and (or) B. Recent studies have revealed that in addition to defects, 
the nature of the chemical bonding between cation and anion plays an important role in the ion transport 
processes [7]. Therefore, clarifying the role of the d-electrons of perovskite materials in the ion transport 
property is of primordial importance to understand the mechanism of ion conduction in this type of 
materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Mapping of perovskite oxides in a space formed by ZA/rA and ZB/rB. The circle, triangle and square represent ABO3, A1-
xA’xBO3-  and A1-xA’xB1-yB’yO3-  compounds, respectively. The symbols denote the following compounds. (A1) Sr0.9Ce0.1CoO3- , 
(A2) Sr0.9Ce0.1FeO3- , (A3) La0.3Sr0.7CoO3- , (A4) La0.5Sr0.5CoO3- , (A5) La0.6Sr0.4CoO3- , (A6) La0.6Sr0.4FeO3- , (A7) La0.65Sr0.3MnO3- , 
(A8) Pr0.65Sr0.3MnO3- , (B1) Sr0.85Ce0.15Fe0.8Co0.2O3- , (B2) Sr0.9Ce0.1Fe0.8Ni0.2O3- , (B3) La0.65Sr0.3Fe0.8Co0.2O3- , (B4) 
La0.6Sr0.4Fe0.8Co0.2O3- , (B5) La0.6Sr0.4Fe0.2Co0.8O3- , (B6) La0.8Sr0.2Fe0.9Co0.1O3- , (B7) La0.8Sr0.2Fe0.8Co0.2O3- , (B8) 
La0.8Sr0.2Fe0.2Co0.8O3- , (B9) Pr0.8Sr0.2Fe0.8Co0.2O3- , (B10) Pr0.8Sr0.2Mn0.8Co0.2O3- , (B11) Pr0.7Sr0.3Mn0.8Co0.2O3- . 
 
In Fig. 5, the ABO3 and A1-xA’xB1-yB’yO3-  compounds are classified in a map proposed by Kamata and 
Nakamura [30, 31]. The dotted line in the figure indicates the boundary between the localized and 
itinerant d-electron systems. This separation line is based on the classification of ABO3 compounds [30]. 
Briefly, in the perovskite structure, B atom is surrounded octahedrally by oxygen atoms. The B-O bonds 
are essentially covalent due to the participation of d-electrons. An octahedron connects to an adjacent 
octahedron through the formation of B-O-B bond. If this kind of bond percolates, the electronic transport 
property will show an itinerant behavior. The electron attracting power of B cation increases with 
the increase of ZB/rB, because it gives a measure of Coulomb interaction. Since the d-electrons orbital has 
a localized nature, with the increase of ZB/rB, the degree of electron localization increases. This explains 
the trends along the ZB/rB axis observed in Fig. 5. The trend along the ZA/rA axis can be understood in the 
same way, however, without considering the effect of d-electrons. The combined effects of ZA/rA and 
ZB/rB determine the localized-itinerant nature of electronic transport. In Fig. 5, for the complex oxides  
A1-xA’xB1-yB’yO3- , (A, A’ = La, Ce, Pr, Sr / B, B’ = Fe, Co, Ni, Mn), the composition weighted (x- and y-) 
average values of Z and r are used. It is interesting to note from Fig. 5 that complex perovskite oxides are 
mapped in the itinerant electrons side. However, this observation should be taken carefully, because 
the demarcation line is not strict as has been noted in a recent study [32]. The important point is to note 
the gross trend observed in Fig. 5. 
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                                                  (a)                                                                                    (b) 
 
Fig. 6. (a) A three-dimensional representation showing the relationship between the potential parameters of the cations and the 
oxygen ionic conductivity at T = 1073 K in complex perovskite oxides. (A) and (B) vertical bars represent A1-xA’xBO3-  and  
A1-xA’xB1-yB’yO3-  compounds, respectively. The symbols denote the compounds given in Fig. 5. The full line in the basal plane is 
the demarcation line between localized and itinerant ABO3 compounds shown in Fig. 5. (b) A schematic representation of the 
bonding when the difference of the ionicity between A-O and B-O are large (top) and small (bottom). 
 
 
Fig. 6(a) shows the relationship between the oxygen ionic conductivity at T = 1073 K [33] and 
the potential parameters ZA/rA and ZB/rB of the cations in complex perovskite oxides. From the figure, we 
recognize a certain trend. The ionic conductivity decreases with the increase of ZA/rA. On the other hand, 
no clear trend is observed with the values of ZB/rB. This suggests that the A cation is playing the role of 
modulator in the ionic conduction. This observation can be understood as follows. It has been shown 
recently that the ionicity of A-O bond is larger than that of B-O bond [34]. In other words, the covalency 
which is caused by the overlap of orbitals is larger in the B-O bond than in the A-O bond. The result is 
expected due to the presence of d-electrons in B atom, and is consistent with the short bond length of B-O 
than that of A-O. This implies that the bonding of B-O is strong compared to that of A-O bond. As 
illustrated schematically in Fig. 6(b), when there is a large difference in ionicity between A-O and B-O 
bonds, the oxygen ion will locate near the B site, because the bonding is strong. In contrast, when the 
difference in ionicity is small, their nature of the chemical bond becomes closer, and the oxygen ion might 
bind to B-site or to A-site ions. That is, the site where the oxygen ion is located becomes unstable. This 
effect will result in the increase of the oxygen ion conductivity. 
An interesting point that should be noted in Fig. 5 and Fig. 6 is that the complex perovskite oxides 
exhibiting high ionic conduction are located near the demarcation line separating localized and itinerant 
electrons. This observation is providing a hint to understand the role of electron orbital overlap in the ion 
transport. As discussed above, the itinerant nature of electron transport changes to a localized nature when 
the percolation of -B-O-B- covalent bond mediated by d-electrons of B cation is disrupted. According to 
the bond fluctuation model, such disruption can be triggered by atomic vibration, because the d-electron 
orbital has a localized nature and its wave function does not spread over long distances. That is, in the 
light of the bond fluctuation model, the locations of the data points near the localized-itinerant 
demarcation line can be understood straightly. 
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6. Conclusion 
Understanding the mechanism of superionic transport is important from both, fundamental and applied 
science point of views. However, despite the large number of studies that have been done, no theory of 
superionic transport has gained general acceptance. In the present report, a challenge to clarify the 
mechanism of superionic transport has been reviewed briefly. The method used consisted in studying the 
chemical trends of materials properties and correlate them. The following results were shown. 1) The 
medium range structure plays a fundamental role in superionic glasses. In particular, in AgI containing 
oxide glasses, the activation energies of ion transport decrease with the decrease of the FSDP wave 
number. 2) The fragility of AgI containing oxide glass forming glasses takes an intermediate value and 
does not depend on the concentration of AgI. The result indicates that the existence of certain degree of 
rigidity in the network is favorable for the fast ion transport processes. 3) Materials having large nonlinear 
optical constants exhibit low values of activation energy of ion transport. 4) In perovskite oxides, 
the coexistence of localized and itinerant electronic states is important for the ion conduction. All the 
above results were explained or interpreted using the bond fluctuation model of superionic conductors. 
Other topics not covered in this review such as ion conduction in chalcogenide glasses, including the 
photoinduced effects [35-37], could be discussed using the same model. These observations indicate that 
the bond fluctuation model could provide a key concept to understand the mechanism of superionic 
transport from a unified point of view. 
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